Readily available ascorbic acid was discovered as an environmentally benign hydrogen bond donor (HBD) for the synthesis of cyclic organic carbonates from CO2 and epoxides in the presence of nucleophilic co-catalysts. The ascorbic acid/TBAI (TBAI: tetrabutylammonium iodide) binary system could be applied for the cycloaddition of CO2 to various epoxides under ambient or mild conditions. DFT calculations and catalysis experiments revealed an intriguing bifunctional mechanism in the step of CO2 insertion involving different hydroxyl moieties (enediol, ethyldiol) of the ascorbic acid scaffold.
Introduction
Cyclic organic carbonates represent a relevant class of chemicals that find application in chemical processes as green solvents. [1] [2] [3] They are also applied as key intermediates in Shell's Omega process for the production of glycols and in the AsahiKasei synthesis of polycarbonates. [4] [5] 6 Recent advances have significantly expanded the portfolio of reactions employing cyclic carbonates as raw materials. [7] [8] [9] [10] [11] [12] As a viable and atom-efficient strategy for the chemical fixation of CO2 into commodity chemicals, [13] [14] [15] the preparation of these compounds by the cycloaddition of CO2 to epoxides is currently in the spotlight of academic research. [16] [17] [18] [19] Various efforts have been directed to the development of catalytic systems able to function under ambient conditions in order to afford a more sustainable process that circumvents the high indirect carbon costs associated to an energy intensive 6 conversion of CO2. 18, 20 In the homogeneous phase, the cycloaddition reaction can take place under mild conditions when catalyzed by metal-organic complexes [21] [22] [23] and coordination compounds; [24] [25] the reaction catalyzed by YCl3/TBAB (TBAB: tetrabutylammonium bromide) can take place, under ambient conditions, even when a flow of industrial flue gas is used as an impure source of CO2. 26 Despite these advances, the development of metal-free, inexpensive and readily available catalysts for the title reaction is regarded as highly desirable from the sustainability and economic standpoints. [27] [28] [29] In this context, several active organocatalysts for the cycloaddition of CO2 to epoxides have been reported. These include ionic liquids, [30] [31] N-heterocyclic carbenes (NHCs), [32] [33] ammonium and phosphonium salts, [34] [35] nitrogen nucleophiles. [36] [37] Additionally, a variety of molecules able to activate the epoxide substrate by the formation of (a network of) hydrogen bonds and that require the presence of a nucleophilic co-catalyst for the epoxide ring opening step has been reported. [38] [39] 40 57 Remarkably, only a handful of these organocatalysts are reported to promote the title reaction under ambient conditions and the turnover frequencies obtained are generally very low (vide infra). [35] [36] [55] [56] Moreover, there has been scarce attention to the toxicity and large-scale availability of the HBDs studied. Widely applied phenols, for instance, are highly toxic and potentially mutagenic compounds and therefore they lack of one of the main perks generally attributed to organocatalysts. 58 other active organocatalysts are not readily available and require various preparative steps. Therefore, we target in this study the development of a non-toxic, commercially available and renewably sourced HBD able to function under ambient conditions. To this aim, the catalytic performance of various HBDs complying with such requisites was evaluated in the cycloaddition of CO2 to epoxides in the presence of a nucleophilic co-catalyst under ambient conditions. We were delighted to find that ascorbic acid/TBAI is an efficient organocatalytic pair for the synthesis of cyclic carbonates under ambient or very mild conditions. Additionally, intriguing mechanistic aspects relative to the structure-activity relationship of ascorbic acid are discussed with the support of DFT calculations. Despite ascorbic acid being often used in synthesis and catalysis as a stoichiometric reducing agent, 59 we report in this study a unique application of this compound as a main catalytic component.
Results and Discussion
In compliance with the targets set in the introduction, we selected for this study non-toxic and readily available HBDs. On the basis of the well-established catalytic activity of sugar alcohols, 60 polyols, [47] [48] and carboxylic acids, 61 in the cycloaddition of CO2 to epoxides we selected lactic acid, glucose, erythritol and pentaerythritol as potential candidates. The latter compound was previously studied by Kühn, Cokoja et al. 47 but not under ambient conditions. Additionally, we considered ascorbic acid that presents, besides the ethyldiol side chain, enediol hydroxy groups that have not been previously studied as hydrogen bonding moieties. An ascorbic acid derivative protected with an acetal group at its ethyldiol functionality (APAA: acetal protected ascorbic acid) was, as well, investigated. The selected HBDs were screened for catalytic activity using the cycloaddition of CO2 to epichlorhydrin (1a) as a benchmark reaction (Table 1). The reaction was carried out under ambient conditions (r.t., CO2 balloon) in the presence of TBAI as a nucleophilic cocatalyst. f Calculated on the basis of published data.
g Using styrene oxide as a substrate. TON: turnover number; TOF: turnover frequency (TOF: TON/reaction time (h)).
The HBDs investigated in this study displayed moderate to high catalytic activity in the benchmark reaction that was, in all cases, higher than that observed when using only TBAI in a blank reaction (Table 1, entry 13). By analysis of the data presented in Table 1 , we were delighted to find that ascorbic acid, an off-the-shelf, non-toxic and inexpensive chemical, is able to offer a good degree of conversion of epoxide 1a under ambient conditions (Table 1 , Entry 1) that became nearly quantitative by increasing the reaction temperature to just 40 °C (Table 1 , Entry 2). At this temperature, the catalytic loading of ascorbic acid could be reduced to just 1 mol% obtaining a TON of 67 (TOF: 2.9 h -1 ). Interestingly, ascorbic acid is a naturally occurring compound that can be produced in large scale via sustainable feedstocks and processes. 62 The ethyldiol-protected ascorbic acid derivative APAA displayed a lower catalytic activity than the pristine ascorbic acid molecule (Table 1 , Entry 3). This effect can be tentatively ascribed to the suppression of the hydrogen bonding capability of the alcoholic protons of the side chain and it is investigated later in the text. Entries 8-12 in Table 1 refer to literature reported organocatalytic systems employed under ambient conditions that are displayed for comparison purposes. It is possible to observe that ascorbic acid displays TON values that are higher than any other organocatalytic system applied under comparable reaction conditions ( 33 However, the latter is neither a green (given the high toxicity of triphenylphosphine) or a readily available compound as it needs to be prepared by the reaction of a phosphonium salt with butyllithium followed by reaction with CO2. 33 Other nucleophilic co-catalysts were studied as an alternative to TBAI (See Table S2 in the supporting information) that, however, resulted as the most active co-catalyst. Importantly, the addition of relatively large amounts of water to the reaction environment (up to 10 mol%, See Figure 1 ) led to no or only marginal decrease of the catalytic activity of ascorbic acid/TBAI thus highlighting the potential resilience of this catalytic system to presence of moisture as a common pollutant in waste CO2. Figure 1 . Catalytic performance of ascorbic acid (2 mol%) and TBAI (4 mol%) in the cycloaddition of CO2 to epichlorhydrin in the presence of increasing amounts water at r.t., 1 bar CO2 (balloon), 23 h.
We explored the substrate scope of ascorbic acid/TBAI for the cycloaddition of CO2 to several epoxides (1a-1g; Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and the target carbonates were always formed selectively (See the NMR spectra in Section S4 of the SI). An increase of the catalyst loading to 4 mol% ascorbic acid and 8 mol% TBAI under ambient conditions led to a slight increase of carbonate 2a yield (Table 2 , Entries 1 and 2). Under these reaction conditions sterically unhindered epoxides 1b-1d could be converted to the corresponding carbonate in good to nearly quantitative yields (Table 2, Entries 5, 7, 8) . An increase of the CO2 pressure to 5 bar at room temperature led as well to a moderate increase of cyclic carbonate yields (Table 2 , Entries 3 and 6). The reactions under ambient conditions afforded generally lower yields when epoxides with larger side chains such as 1-hexene oxide (1e) or styrene oxide (1f) were employed. Therefore, the cycloaddition of CO2 to these substrates was successfully carried out under ambient pressure but at 60 °C using just 1 to 2 mol% of ascorbic acid (Table 2 , Entries 9, 10). Moreover, internal epoxide 1g could be transformed into the corresponding carbonate under relatively mild conditions (100 °C; 20 bar, Table 2 , Entry 11). a All reactions were carried out using epoxides 1a-1g (25 mmol) for 23 h according to the conditions specified in the table; the reactions involving a CO2 pressure higher than 1 bar were carried out in a stainless steel autoclave.
1 H NMR is a useful tool to investigate the interaction between the HBD and the epoxide by monitoring the variation of the chemical shift of the hydrogen bonding moieties and of the substrate protons. 40, 46, 55 In the case of ascorbic acid, being insoluble in most common organic solvents, this study was carried out in DMSO-d6 (See Section 5 of the SI). When the 1 H NMR spectra of solutions of epichlorhydrin and ascorbic acid were collected, the acidic enediol protons of ascorbic acid provided broad signals and very limited shifts with respect to the corresponding positions in the 1 H NMR of the pure substance ( Figure  S13 , Table S3 ). Nevertheless, for the signals relative to the epichlorhydrin protons, a progressive upfield shift was noticed when increasing the ascorbic acid/epichlorhydrin molar ratio ( Figure S12 , Table S3 ). Interestingly, the extent of the shifts with respect to the 1 H NMR of pure epichlorhydrin is linearly correlated to the excess of ascorbic acid employed ( Figure S14 ) highlighting a specific interaction between the HBD and the substrate even in this highly polar medium. A comparable, but larger, upfield shift of the protons of glycidol upon interaction with a HBD (in the specific case another molecule of glycidol) has been observed by Capacchione et al. 46 In order to achieve deeper insight into the mechanism 63-64 of the ascorbic acid catalyzed cycloaddition reaction we performed density functional theory (DFT) calculations at the GGA B3LYP level (See section S9 of the ESI files for further details) using epoxide 1b (propylene oxide, PO) as a substrate. Figure 2a presents the computed free energy surface for the cycloaddition of PO and CO2 catalyzed by ascorbic acid in the presence of TBAI along with the structure of intermediates and transition states. Coordination of PO to ascorbic acid takes place via a hydrogen bond between the two enediolic hydroxyl protons and the oxygen atom of the epoxide ring. PO coordination is calculated to be slightly endergonic and leads to intermediate A that lies 0.8 kcal/mol above ascorbic acid. From a structural point of view, in A, the presence of strong hydrogen bond interactions results in the activation of the epoxide with the two C-O bond lengths extended from 1.438 and 1.439 Å to 1.452 and 1.460 Å respectively. The next step corresponds to the opening of the epoxide ring by the iodine anion, leading to the formation of intermediate B, isoenergetic with respect to the starting species ascorbic acid. This step proceeds through transition state TS-AB and requires overcoming an overall barrier of 13.0 kcal/mol above ascorbic acid. The insertion of CO2 in B leads to the formation of the hemicarbonate intermediate C, which lies 3.4 kcal/mol above ascorbic acid. The CO2 insertion step requires the overcoming of a barrier (TS-BC) located 12.4 kcal/mol above ascorbic acid. From a structural point of view, transition state TS-BC displays a stabilizing hydrogen bond interaction between the hydrogen atom of the secondary alcohol moiety of the side chain and an oxygen atom of the CO2 molecule (See Figure 2b) . Next, starting from intermediate C, we studied the ring closure step leading to the formation of the desired cyclic carbonate product coordinated to ascorbic acid via intermediate D. Ring closure is predicted to be the rate-determining step, with a barrier of 15.6 kcal/mol (TS-CD) relative to ascorbic acid.
Overall, for the reaction mechanism of ascorbic acid, the calculated barriers range from 12.0 kcal/mol to 16.0 kcal/mol, which are consistent with the observed activity at room temperature. For comparison, we calculated the cycloaddition reaction mechanism for the acetal protected ascorbic acid derivative (APAA). The corresponding energy profile is presented in Figure 2d . The main results can be summarized in the following points: 1) The calculated ring opening barrier (TS-AB') for APAA is 3.2 kcal/mol higher in energy than the corresponding barrier for ascorbic acid (16.2 kcal/mol vs 13.0 kcal/mol, respectively); 2) The calculated CO2 insertion barrier (TS-BC', Figure 2c ) for APAA is significantly higher in energy (by 5.5 kcal/mol) when compared to the corresponding barrier for ascorbic acid. These observations can be partly attributed to the acetal protecting group acting as an electron donor and influencing the hydrogen bonding ability of APAA. For instance, the H-bonds to the opened epoxide arising from the enediolic hydroxyls in TS-BC (1.546 and 1.722 Å) are slightly shorter than for TS-BC' (1.621 and 1.763 Å). More importantly, the transition states relative to ascorbic acid display several additional stabilizing intramolecular hydrogen bonds that are not available for APAA. For instance, beside the stronger H-bond between CO2 and an ethyldiol hydroxyl in TS-BC (2.076 Å), there are H-bonds between the ethyldiol hydroxyls in ascorbic acid (2.311 Å for TS-AB and 2.234 Å for TS-BC) that are absent for the analogous transition states of APAA (for TS-AB and TS-AB' see Figure  S15 ). 3) Similar to ascorbic acid, the ring closure step is predicted to be the rate-determining step; however, the calculated barrier (TS-CD') for APAA is 3.4 kcal/mol higher in energy than the corresponding barrier for ascorbic acid.
Overall, these results suggest that the bifunctional activation of CO2 by the different moieties of ascorbic acid is important to lower the barrier for the step of CO2 insertion. Moreover, the APAA catalyzed cycloaddition between propylene oxide and CO2 is less favorable both from a kinetic and thermodynamic standpoint when compared to the case of ascorbic acid. This observation is in good agreement with the experimental results in Table 1 .
Conclusions Ascorbic acid was discovered as an environmentally friendly and efficient off-the-shelf hydrogen bond donor for the cycloaddition of CO2 to various epoxides under ambient or very mild conditions. It represents a unique organocatalyst for this transformation that is at the same time non-toxic, renewably sourced readily available and active under ambient conditions. DFT calculations were able to show the cooperative role of the hydroxyl groups of the enediol and ethyldiol moieties for lowering the activation barrier of CO2. In these regards, ascorbic acid can be considered as a bifunctional organocatalyst for the cycloaddition of CO2 to epoxides. Given its observed activity and chiral structure, ascorbic acid, a thus far neglected but readily available and sustainable hydrogen bond donor, appears as a promising new entry for future application as a green organocatalyst in various examples of Brønsted acid catalyzed reactions.
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